In response to iron (Fe) deficiency, dicots employ a reduction-based mechanism by inducing ferric-chelate reductase (FCR) at the root plasma membrane to enhance Fe uptake. However, the signal pathway leading to FCR induction is still unclear. Here, we found that the Fe-deficiency-induced increase of auxin and nitric oxide (NO) levels in wild-type Arabidopsis (Arabidopsis thaliana) was accompanied by up-regulation of root FCR activity and the expression of the basic helix-loop-helix transcription factor (FIT) and the ferric reduction oxidase 2 (FRO2) genes. This was further stimulated by application of exogenous auxin (a-naphthaleneacetic acid) or NO donor (S-nitrosoglutathione [GSNO]), but suppressed by either polar auxin transport inhibition with 1-naphthylphthalamic acid or NO scavenging with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, tungstate, or N v -nitro-L-arginine methyl ester hydrochloride. On the other hand, the root FCR activity, NO level, and gene expression of FIT and FRO2 were higher in auxin-overproducing mutant yucca under Fe deficiency, which were sharply restrained by 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide treatment. The opposite response was observed in a basipetal auxin transport impaired mutant aux1-7, which was slightly rescued by exogenous GSNO application. Furthermore, Fe deficiency or a-naphthaleneacetic acid application failed to induce Fe-deficiency responses in noa1 and nial nia2, two mutants with reduced NO synthesis, but root FCR activities in both mutants could be significantly elevated by GSNO. The inability to induce NO burst and FCR activity was further verified in a double mutant yucca noa1 with elevated auxin production and reduced NO accumulation. Therefore, we presented a novel signaling pathway where NO acts downstream of auxin to activate root FCR activity under Fe deficiency in Arabidopsis.
Iron (Fe) deficiency is one of the major limiting factors affecting crop production in calcareous soils worldwide (Imsande, 1998) . Fortunately, many plants have developed various strategies to cope with Fe deficiency in those soils. These strategies are classified as strategy I in nongraminaceous monocots and dicots, and strategy II in graminaceous monocots (Rö mheld and Marschner, 1981) . Strategy I plants employ a range of responses to Fe-deficiency stress to acquire Fe from the soil, including: (1) induction of both a plasmalemma ferric-chelate reductase (FCR; Robinson et al., 1999) and plasmalemma Fe(II) transporter in root cells (Eide et al., 1996; Vert et al., 2002) , (2) enhanced release of protons and reductants such as phenolic compounds into the rhizosphere Jin et al., 2006 Jin et al., , 2007 , and (3) changes in root architecture, including enhanced root branching (Jin et al., 2008) and subapical root hair development (Römheld and Marschner, 1981; Schmidt, 1999; Santi and Schmidt, 2008) . Among these responses, the activation of FCR has been suggested to be a key component as the strategy I plants must enzymatically reduce Fe(III) before their root cells can take it up in the form of Fe(II) (Chaney et al., 1972) . Although FCR induction in Fe-deficient roots of different plant species and its function have been well documented (Robinson et al., 1999; Connolly et al., 2003) , the signals involved in the regulatory cascade leading to the activation of FCR are still not well understood.
It has been demonstrated that the regulation of Fedeficiency responses does not depend solely on root Fe content, but is far more complex and may also involve signals originating from the shoot (Romera et al., 1992; Grusak and Pezeshgi, 1996; Forde, 2002; Vert et al., 2003; Zheng et al., 2003; Enomoto and Goto, 2008) . Shootderived auxin is a promising candidate as a signal molecule transmitting Fe-deficiency information, since its synthesis is enhanced under Fe starvation (Römheld and Marschner, 1981) , and auxin is easily transported from the shoot to the root. Application of exogenous auxin analogs can promote the induction of the root FCR in bean (Phaseolus vulgaris; Li et al., 2000) , cucumber (Cucumis sativus; Li and Li, 2004) , and Trifolium pratense (Zheng et al., 2003) . Hence we have studied here the possible role of auxin as an upstream signal in modulating Fe-deficiency responses in dicots, using Arabidopsis (Arabidopsis thaliana) as a model system.
In addition to auxin, we and others have recently suggested that the gaseous molecule, nitric oxide (NO), could be a general component of root Fe signaling in response to Fe deficiency (Graziano and Lamattina, 2007a; Jin et al., 2009) . Under Fe limitation, a rapid and sustained NO accumulation was shown to be triggered in tomato (Solanum lycopersicum) plants. When Fe-deficient roots were treated with the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), the accumulation of mRNA for ferric reduction oxidase 1 (FRO1), IRT1, and the basic helix-loop-helix transcription factor (FIT) homolog, FER, was inhibited. Accordingly, the application of the NO donor, S-nitrosoglutathione (GSNO), induced the expression of these same genes (Graziano and Lamattina, 2007a) , which coincided with the alleviation of oxidative damage (Sun et al., 2006) and the enhancement of dinitrosyl-Fe complexes formation (Vanin et al., 2004; Graziano and Lamattina, 2007b) , which should improve Fe availability inside the plant (Graziano et al., 2002) . However, a down-regulation of FRO1, IRT1, and FER in Fe-deficient roots of the tomato mutant fer could not be reversed by the addition of NO, suggesting that the NO acts upstream of FER to initiate adaptations to Fe deficiency (Graziano and Lamattina, 2007a) . Thus it would not be surprising if NO turns out to play a role as a signal reporting shoot Fe-deficient status to the roots.
The synergistic effects of auxin and NO have been well defined in the regulation of a number of physiological processes of plants such as root growth and development (Lanteri et al., 2006) and nitrate reductase (NR) stimulation (Du et al., 2008) . Thus, the possibility for cross talk between NO and auxin in modulating the perception and transduction of Fe deficiency, leading to root FCR induction is of interest. The findings reported here are the results of research on this hypothetical link in Arabidopsis, a strategy I plant. From this study we found that both auxin and NO are involved in the induction of the hallmarks of the Fe-deficiency stress response to Fe deprivation in dicots (induction of FRO2 [FCR] and FIT) with NO acting downstream of auxin in this signaling pathway.
RESULTS

Auxin Is Involved in FCR Induction
Root FCR activity in Fe-sufficient Arabidopsis plants fluctuated between 10 and 16 mg Fe(II) g 21 fresh weight. To characterize the induction of FCR activity during Fe deficiency, we selected the period of 7 d treatment for further analyses, at which FCR activity could be maximally induced, with an enhancement of more than 150% when compared to that during Fe sufficiency ( Fig. 1A; Supplemental Fig.  S1 ). Moreover, this Fe-deficiency-induced reductase activity was further enhanced by incubation with a-naphthaleneacetic acid (NAA), a permeable auxin analog, but was strongly inhibited by incubation with 1-naphthylphthalamic acid (NPA), an auxin transport inhibitor (Fig. 1A) . In addition, there was a 4-fold increase in indole-3-acetic acid (IAA) accumulation in the roots of Fe-deficient plants compared with those of Fe-sufficient plants (Fig. 1B) .
To further study the role of auxin in FCR activation, the effect of Fe supply on root FCR activity was analyzed in three auxin-related mutants (Fig. 1C) . In comparison Figure 1 . Effect of auxin availability on the induction of FCR activity and accumulation of IAA in 2Fe roots. A, Relative FCR activity of +Fe or 2Fe wild-type plants in the presence or absence of 0.08 mM NAA or 10 mM NPA. B, IAA content in 2Fe roots of wild-type plants. FW, Fresh weight. C, Relative FCR activity of three auxin mutant lines in response to 2Fe treatment. Means 6 SD (n = 7 for FCR activity, n = 3 for auxin content) followed by different letters indicate a statistical difference at P , 0.05.
with that of wild-type plants, root FCR activity induced by Fe deficiency was significantly greater in auxinoverproducing mutant yucca under both Fe-sufficient and -deficient conditions, whereas the opposite response was seen in the basipetal auxin transport impaired mutant aux1-7. Unexpectedly, in auxininsensitive mutant axr1-3, the Fe-deficiency-induced FCR activity was similar to that in wild-type plants.
NO Stimulates FCR Induction
Generally, in strategy I plants, the Fe-deficiency responsive FCR is mainly localized in young lateral roots, with highest activity at the root apex and subapical root regions (Römheld and Marschner, 1981) . The same localization pattern was observed in Fe-deficient roots of wild-type Arabidopsis plants (Supplemental Fig. S2 ). Interestingly, the root NO production determined by 4-amino-5-methylamino-2#,7#-difluorofluorescein diacetate (DAF-FMDA) fluorescence was also intensified in the same region of Fe-deficient root, but this Fe-deficiency-induced increase of NO fluorescence could be greatly suppressed by the NO scavenger, cPTIO ( Fig. 2A) . The coincidence between FCR location and NO production under Fe deficiency led us to verify whether NO is involved in root FCR induction in Arabidopsis. As shown in Figure 2B , application of an exogenous NO source, GSNO, greatly elevated FCR activity in Fe-deficient roots, whereas application of cPTIO resulted in inhibition of activity. The inhibition in inducing root FCR activity and NO accumulation was also observed in Fe-deficient wild-type plants treated with either tungstate, a NR inhibitor, or N v -nitro-L-Arg methyl ester hydrochloride (L-NAME), a NO synthasetype enzyme (NOA1) inhibitor (Fig. 3) . Additionally, Fe deficiency failed to induce NO burst and the reductase activity in noa1 and nial nia2, two mutants with reduced NO synthesis, but root FCR activities in both mutants could be significantly rescued by GSNO (Figs. 2B and 5B). These results indicate that NO is required for the induction of the reductase activity during Fe deficiency, and both NOA1 and NR are involved in this NO generation.
NO Acts Downstream of Auxin to Activate FCR
Since both NO and auxin are involved in regulating root FCR induction in response to Fe deficiency, we investigated the possible linkage between these two signals in signal transduction pathway of Fe-deficient conditions. Figure 4 shows that in the aux1-7 mutant, Figure 2 . Effect of Fe-deficiency-induced NO on the induction of root FCR activity. A, NO production shown as green fluorescence and relative fluorescence intensity from DAF-FMDA in roots of wild-type plants under +Fe, 2Fe, or 2Fe + cPTIO treatment, respectively. B, Relative FCR activity in roots of wild-type and NO-related mutants (noa1 and nia1 nia2) in response to exogenous NO treatments. GSNO (50 mM) was added to both +Fe and 2Fe plants, while cPTIO (0.5 mM) was only added to 2Fe wild-type plants. Means 6 SD (n = 10 for NO production, n = 7 for FCR activity) followed by different letters indicate a statistical difference at P , 0.05. root NO levels were only slightly induced by Fe deficiency, which were significantly increased by treatment of Fe-deficient plants with GNSO, whereas in mutant yucca, root NO levels were higher in both Fe-sufficient and -deficient plants, which were suppressed by treatment of Fe-deficient plants with cPTIO. Interestingly, in the axr1-3 mutant, this Fe-deficiencyinduced NO production accumulated to a similar level as that in the wild-type plants (Fig. 4C ). However, in mutants noa1 and nia1 nia2, exogenous NAA application failed to induce additional root NO accumulation and FCR activity either under Fe-sufficient or -deficient conditions (Fig. 5) . The inability to induce NO burst and FCR activity was also found in a double mutant yucca noa1 with elevated auxin production and reduced NO accumulation (Fig. 6 ). These data indicate that the effect of NO is more closely linked to FCR induction than the auxin effect.
Role of Auxin and NO on the Expression of Genes Involved in FCR Induction
Reduction of Fe(III) to Fe(II) by root FCR [AtFRO2] is a key step in Fe acquisition by strategy I plants.
Here, in mutant fit with no accumulation of FIT transcripts, FRO2 transcript abundance is dramatically reduced and root FCR activity is not induced by Fe deficiency (Fig. 7, B and C) . This result is in agreement with previous studies documenting the role of FIT, the bHLH protein in the induction of FRO2 expression in Fe-deficient Arabidopsis (Jakoby et al., 2004; Yuan et al., 2005) . We also observed that in the roots of wildtype plants, Fe deficiency significantly up-regulated the gene expression of FRO2 and FIT, and this up-regulation was further enhanced when roots were exposed to auxin (NAA) or NO (GSNO) treatments. However the up-regulation is completely blocked when roots were exposed to NPA, cPTIO, or NOA1/NR inhibitor treatments (Fig. 8A) , indicating the involvement of both auxin and NO in gene expression of FRO2 and FIT in Fe-deficient roots.
To further investigate the interaction of auxin and NO during Fe deficiency, the gene expression of FRO2 and FIT was analyzed in auxin-and NO-related Arabidopsis mutants. Like that seen in wild-type plants, a similar expression of FRO2 and FIT genes was induced in the axr1-12 mutant (Fig. 7A ) and the axr1-3 mutants (Fig. 8B ). This increased expression correlated with the enhanced activity of FCR (Figs. 1C and 7C) . Nevertheless, in aux1-7 mutant, this gene expression was relatively impaired although it could be slightly rescued by GSNO treatment, while in yucca mutant, greater expression of FRO2 and FIT was evident even in Fe-sufficient plants, and was further stimulated in Fe-deficient plants, and completely inhibited in cPTIO-treated plants (Fig. 8B) . Moreover, in noa1 and nia1 nia2 mutants, neither Fe deficiency nor NAA application stimulated the gene expression of FRO2 and FIT (Fig. 8C) . These results strongly suggest that during Fe deficiency, auxin acts upstream of NO in regulating the gene expression of FRO2 and FIT in roots.
DISCUSSION Both Endogenous Root Auxin Level and Auxin Basipetal Transport Are Needed for FCR Induction
Auxin has been implicated in regulating plant adaptive responses to Fe-deficiency stress (Landsberg, 1996) , including the induction of FCR activity in roots. For example, Fe deficiency increased auxin production in a number of strategy I plant species, such as sunflower (Helianthus annuus; Römheld and Marschner, 1981) , bean (Li and Li, 2004) , and Arabidopsis in this study ( Fig. 1B; Supplemental Fig. S1 ). Exogenous application of auxin to plants significantly enhanced FCR activity ( Fig. 1A ; Schmidt, 1994; Li and Li, 2004 ). Here we also found that higher endogenous auxin levels resulted in greater root FCR activity and FIT and FRO2 expression, but these responses could be markedly repressed by exposure to the auxin transport inhibitor, NPA (Figs. 1A and 8A), implying that a certain endogenous auxin level is necessary for the Fedeficiency-based induction of root FCR activity. Involvement of NR and NO synthase-type enzyme (NOA1) in NO production and FCR induction during Fe deficiency. Wild-type Arabidopsis plants were grown in +Fe media for 6 weeks and then transferred to 2Fe media in the presence of the NR inhibitor, tungstate (1 mM), and the NOA inhibitor, L-NAME (1 mM) or without any treatment (control). A, The NO production as DAF-FMDA fluorescence detected in roots of wild type. B, The corresponding fluorescence intensity of NO and FCR activity in roots under treatments as described. Data are expressed as means 6 SD (n = 10 for NO production, n = 7 for FCR activity). In this study, although aux1-7 and axr1-3 are both auxin-insensitive mutants, they responded differently to Fe deficiency in terms of FCR induction. The induction was impaired to certain extent in aux1-7, but appeared normal in axr1-3 compared to wild type (Fig.  1C) . Zheng et al. (2003) demonstrated that shoot-toroot transmission of an unknown signal, possibly auxin, could be involved in root FCR induction after a prolonged exposure to Fe-deficient treatment in T. pratense. Similar results have also been seen in the pea (Pisum sativum) mutant dg1 (Grusak and Pezeshgi, 1996) , as well as cucumber and bean (Li and Li, 2004) . As auxin basipetal transport is blocked in aux1-7, it seems reasonable that FCR activity in this mutant was much reduced in comparison to wild type. Moreover, the AUX1 gene is a member of a family of 29 members with strong genetic redundancy (Overvoorde et al., 2005) , thus, it also seems plausible that the mutant with a particular mutation in one of these members may only have a modest effect on auxin-induced responses, as auxin may interact with multiple receptors and transduction pathways to regulate different responses (Lau et al., 2008) . This can explain partly why Fe deficiency still induced small but not significant increases in FCR activity in aux1-7, and this response does not necessarily negate the involvement of auxin in modulating root FCR induction. In axr1-3, although a component for sensing auxin is impaired, auxin basipetal transport from the shoot to root may still be functioning (Lincoln et al., 1990) , thus the signal encoding Fe deficiency from shoot to root may still be transduced, allowing subsequent NO production in roots as well (Fig. 4C) , which leads to a normal reductase activation. Therefore, besides maintaining proper endogenous auxin levels, normal auxin basipetal transport is also important in the process of FCR induction under Fe-deficient condition in Arabidopsis.
Auxin-Mediated Induction of FCR Is Dependent on NO
How does auxin mediate the induction of FCR under Fe-deficient conditions? Are other signals downstream of auxin involved in FCR activation? NO has been demonstrated to function as a signal and effector molecule in the adaptive mechanisms of plant to low Fe conditions. For example, NO can improve Fe availability inside plants, mediate Fe-dependent ferritin expression, and alleviate Fe-deficiency-induced chlorosis and oxidative damage (Ramirez et al., 2009) . NO can also activate FCR by enhancing FRO1 expression in tomato, which may involve NO-mediated expression of the transcription factors, FER or FIT (Graziano and Lamattina, 2007a; Jin et al., 2009 ). Moreover, Besson-Bard et al. (2009) showed that NO produced in response to cadmium acts as an Fe-deficiencyrelated signal and up-regulates Fe uptake genes including FCR. Here we found that Fe-deficiencyinduced increase in root NO levels had a similar spatial distribution to that of FCR ( Fig. 2A ; Supplemental Fig. S2 ), and they were correlated with the increased expression of FIT and FRO2 (Fig. 8) . Exogenous application of the NO donor, GSNO, further As both root increases in auxin and NO precede FCR induction, does one event precede the other? Here we provide evidence that NO acts downstream of auxin to trigger root FCR activity under Fe deficiency in Arabidopsis. When auxin production was decreased or increased constitutively in several mutant lines, NO levels and gene expression of FIT and FRO2 were correspondingly changed. For example, in the mutant line aux1-7 with impaired auxin transport, a weaker accumulation of NO was induced by Fe deficiency, and it could be reversed by exogenous application of GSNO (Fig. 4A) , as was the response of FIT and FRO2 expression (Fig. 8B) . But in mutant line yucca with increased auxin levels, these responses were greater than wild-type plants even under Fe-sufficient conditions, and they could be further enhanced by Fe deficiency, while significantly suppressed by cPTIO treatment (Figs. 4B and 8B ). As the above results were obtained from exogenous application of NAA or cPTIO, we are not sure whether the endogenous situation is the same or not. Thus we generated a double mutant yucca noa1 to have elevated endogenous IAA level but reduced endogenous NO level. As shown in Figure 6 , the NO burst and the corresponding FCR activation in Fedeficient roots of yucca noa1 were greatly impaired, similar to those found in noa1 (Fig. 5) . On the other hand, the Fe-deficiency-induced increase in NO production of wild-type plants could be further enhanced by exogenously supplied NAA, or repressed by NPA, respectively (data not shown). These results indicate that auxin is necessary for NO production in roots during Fe deficiency. Therefore, we propose that FCR induction under Fe deficiency is initiated by auxin, which in turn activates NO production, leading to the increased FCR expression as well as the associated Fedeficiency responses.
Regulation of NO Levels in Roots Is Both NOA and NR Dependent
The identification of a variety of NO biosynthetic pathways has advanced our understanding of the functions of NO in plants (Lamotte et al., 2005) . However, the mechanism by which auxin modulates NO levels in roots remains unclear. It is likely that plants employ several different enzyme systems to produce NO, even though to date the most intensively studied are based on NR and a putative NOS enzyme (Wilson et al., 2008) . Several studies have questioned the role of AtNOS1 in NO synthesis (Zemojtel et al., 2006 A, NO green fluorescence, and the corresponding NO fluorescence intensity and relative FCR activity (B) in +Fe or 2Fe roots of mutants noa1 and nia1nia2 in response to 0.08 mM NAA treatment. Data are expressed as means 6 SD (n = 10 for NO production, n = 7 for FCR activity) with different letters indicating significant differences at P , 0.05. that AtNOS1 is not a NOS, but a functional GTPase, thus it was renamed as an NO-associated enzyme (AtNOA1). Despite the questions regarding the essence of AtNOS, the point is that in the mutant, Atnoa1 (formerly Atnos1), plant NO levels are remarkably reduced ( Fig. 5 ; Guo, 2006) . The NOA1-dependent pathway for NO biosynthesis responds to different chemical and biological stimuli, such as the lipopolysaccharide (Guo et al., 2003) , abscisic acid (Bright et al., 2006) , salicylic acid (Zottini et al., 2007) , and auxin (Lombardo et al., 2006) . Besides the NOA1-dependent pathway, generation of NO in roots also involves NR activity (Hu et al., 2005) . In this study, we clearly demonstrated that either the NR inhibitor, tungstate, or the NOA1-inhibitor, L-NAME, substantially suppressed NO production in Fe-deficient roots nearly to the levels detected in Fe-sufficient roots (Fig. 3) . More importantly, Fe-deficiency-induced accumulation of NO was significantly decreased in the mutants noa1 and nia1 nia2, and exogenously applied auxin failed to induce a normal production of NO in these mutants (Fig. 5) . Thus we conclude that both NOA1 and NR are involved in auxin-regulated NO generation during Fe deficiency, but the mechanism involved in the process requires further investigation.
Although previous reports have provided other evidence that auxin or NO are related to root FCR activity induction under Fe deficiency in different plant species, the possible relationship between auxin and NO in regulating Fe-deficiency responses has not previously been examined. Here, using several different auxin and NO-related Arabidopsis mutants, we demonstrate that the NO acts as a signal downstream of the auxin under Fe deficiency that leads to the ultimate induction of FCR via FIT-mediated transcriptional regulation. A model for these signaling pathways is illustrated in Figure 9 . To our knowledge, this is the first report to define the signaling pathway for plant FCR induction and also furthers our understanding of the physiological responses of strategy I plants to Fe deficiency.
MATERIALS AND METHODS
Plant Material and Growth Condition
The Columbia ecotype (Columbia-0) of Arabidopsis (Arabidopsis thaliana) and the mutants generated in its background were used here, including the auxin-insensitive mutants, axr1-3 and axr1-12, the auxin-transport mutant aux1-7, the auxin overproducing mutant yucca, the NOA-deficient mutant noa1, the NR-null-deficient double mutant nia1 nia2, and the BHLH029 T-DNA insertion mutant fit were kindly provided by various professors as gifts.
The double mutant line yucca noa1 were obtained by crossing mutant lines yucca with noa1. F2 progeny was obtained through self fertilization of single F1 Figure 6 . Physiological analysis of NO burst and FCR induction in yucca noa1 double mutant grown under Fe deficiency. A, NO green fluorescence, and the relative FCR activity (B) in roots of yucca noa1 double mutant after exposed to +Fe or 2Fe media for 7 d. Means 6 SD is shown (n = 9) with different letters suggesting a statistical difference (P , 0.05) between these two treatments. Figure 7 . Role of Fe deficiency in regulating expression levels of FIT and FRO2 genes and FCR activation in roots of axr1-12 and fit mutant lines. Six-week-old plants were transferred to +Fe or 2Fe media for a further 7 d, and then the expression of FIT and FRO2 genes (A and B) was analyzed. Total RNA extracted from roots and the transcript level was analyzed by RT-PCR with tubulin b-3 expression as a control. Relative FCR activity (C) was conducted as well. Means 6 SD are shown (n = 7). Different letters indicate a significant difference (P , 0.05) among the treatments.
plant. Homozygotes were confirmed by genomic PCR with the following primers: LBb1 (left border primer of the T-DNA insertion), LP (left genomic primer), and RP (right genomic primer) as described by Guo et al. (2003) for the T-DNA insertion site determination, while Forward (F; 5#-TCCTCGGATTC-CATTGCCCAGC-3#) and Reverse (R; 5#-ACGAGAGTGTCGTGCTCCACCA-3#) for YUCCA overexpressed site identification (seen as in Supplemental Fig. S3) . Because of the difficulties in identifying homozygous site of YUCCA, some of the double mutants we used maybe heterozygous.
Seeds were surface sterilized and germinated on plates containing fullstrength nutrient solution, 0.9% (w/v) agar, and 1.0% (w/v) Suc. On the 7th day, uniform seedlings were transferred to grow on vermiculite supplemented with fresh complete nutrient solutions every other day. After 3 weeks, seedlings were transplanted to 1-L pots (nine holes per holder, and one plant per hole) filled with aerated, complete nutrient solution. The solution was refreshed every 4 d. The nutrient solution had the following composition (in mM): Ca(NO 3 ) 2 (300), MgSO 4 (50), NaH 2 PO 4 (30), K 2 SO 4 (50), H 3 BO 3 (3), ZnSO 4 (0.4), CuSO 4 (0.2), MnCl 2 (0.5), (NH 4 ) 6 (Mo 7 ) 24 (1), and Fe-EDTA (20), adjusted to pH 6.5 with 1 M KOH. The plants were grown in a controlled-environment room at a temperature of 21°C, a relative humidity of 70%, with a daily cycle of 10-h day/14-h night. The daytime light intensity was 200 to 250 mmol photons m 22 s 21 . Two weeks later, plants were transferred to media that contained either 20 mM (+Fe) or 0 mM (2Fe) FeNaEDTA for another 7 d. The solution was renewed daily. For experiments carried out with extrinsic NAA or GSNO supplementation, 0.08 mM NAA or 50 mM GSNO was added to the 2Fe or +Fe solution for the time period. For experiments carried out with NPA, tungstate, L-NAME, or cPTIO treatment, 6-week-old plants were subjected to 2Fe solution provided with either NPA (10 mM), tungstate (1 mM), or L-NAME (1 mM). A total of 0.5 mM cPTIO was also applied in the same way, except that 50-mL vials were used for the treatment.
Chemicals
GSNO was synthesized as reported previously (Stamler and Loscalzo, 1992) . The NPA was purchased from Chemservice (http://www.anal-tech. com/), DAF-FM DA from Beyotime Institute of Biotechnology (http://www. beyotime.com/), cPTIO from Dojin Laboratories (http://www.dojindo.com/), L-NAME and agarose from Sigma (http://www.sigmaaldrich.com/), and Trizol reagent from Invitrogen (http://www. invitrogen.com/). Glutathione, NAA, 4-morpho-lineethanesulfonic acid, sodium tungstate, and ferrozine were purchased from Sangon (http://www.sangon.com/).
Root FCR Activity Determination
FCR activity was determined according to Grusak (1995) . Briefly, the whole excised roots (about 0.1 g) were placed in a test tube filled with 5-mL assay solution consisting of 0.5 mM CaSO 4 , 0.1 mM 4-morpho-lineethanesulfonic acid, 0.1 mM bathophenanthrolinedisulfonic acid disodium salt hydrate (BPDS), and 100 mM Fe-EDTA at pH 5.5 adjusted by 1 M NaOH. The tubes were placed in a dark room at 25°C for 1 h, with periodic hand swirling at 10-min intervals. The absorbance of the assay solutions was recorded by a spectrophotometer at 535 nm, and the concentration of Fe(II)[BPDS] 3 was quantified using an extinction coefficient of 22.14 mM 21 cm 21 . The data were expressed as the means of relative root FCR activity, which was calculated as percentage of FCR activity of different lines with various treatments to that of wild type with sufficient Fe supply.
To visualize the location of FCR activity along the roots, excised roots were embedded in an agarose (0.75%, w/v) medium containing 0.5 mM CaSO 4 , 0.5 mM FeNaEDTA, and 0.5 mM ferrozine. Roots were incubated at 23°C 6 2°C for 20 min, and then the color patterns of young roots (5 mm from root tips) were recorded by light microscopy (Nikon Eclipse 80i, Nikon).
IAA Measurement
For analysis of the IAA concentration in roots, the whole root (about 20 mg) under the corresponding treatments was collected for each sample. Four replicates of the samples were purified after addition of 250 pg of Figure 8 . Role of auxin and NO in regulating expression levels of FIT and FRO2 in 2Fe roots of wildtype seedlings and several auxin or NO-related mutant lines. Six-week-old Arabidopsis plants were transferred to 2Fe conditions for different treatments. A, Expression of FIT and FRO2 genes in +Fe or 2Fe roots of wild-type plants treated with exogenous auxin, NO, or NR/NOA1 inhibitors. B, Expression of FIT and FRO2 genes in +Fe or 2Fe roots of three auxin-related mutants treated with exogenous NO. C, Expression of both genes in +Fe or 2Fe roots of two NO-related mutants treated with NAA. Total RNA was extracted from roots and the mRNA level was analyzed by RT-PCR. tubulin b-3 expression was used as a control. 13 C6-IAA internal standard and analyzed by gas chromatographyselected reaction monitoring mass spectrometry as described (Ljung et al., 2005) .
In Situ Measurement of NO in the Root NO content was imaged using DAF-FMDA under epifluorescence microscopy. Roots (5 mm from root tip) were loaded with 5 mM DAF-FMDA in 20 mM HEPES/NaOH buffer (pH 7.4) for 20 min, washed three times in fresh buffer, and analyzed microscopically (Nikon Eclipse 80i, Nikon, EX 460-500, DM 505, BA 510-560). The signal intensities of green fluorescence in the images of the young roots were quantified according to the method of Guo and Crawford (2005) by measuring the average pixel intensity with Photoshop software (Adobe Systems). Data is presented as the means of fluorescence intensity relative to that of wild type with sufficient Fe supply
Gene-Expression Analysis by Reverse Transcription-PCR
Root samples were frozen in liquid nitrogen immediately after collection and stored at 280°C. About 100 mg of tissue was ground in liquid nitrogen and total RNA was extracted by Trizol, and then the first-strand cDNA was synthesized with the total RNA by PrimeScript RT reagent kit (Takara). All RNA samples were checked for DNA contamination before cDNA synthesis. The mRNA levels of FIT and FRO2 were amplified by Taq polymerase (Takara) and the following pairs of gene-specific primers: FIT (F: 5#-GTATCAATCCT-CCTGCTT-3#, R: 5#-TCTCGGTTACATCATCACT-3#), FRO2 (F: 5#-GTAAAC-AGGTCCAAAACG-3#, R: 5#-GTAAAGCACACAAAGATAGG-3#). A pair of housekeeping gene of tubulin b-3 was used for a control (F: 5#-AAGTTCTGG-GAAGTGGTT-3#, R: 5#-CTCCCAATGAGTGACAAA-3#). The reverse transcription (RT)-PCR analysis was performed with ABI 7300 real-time PCR system (Applied Biosystems) with the following reaction conditions: 3 min at 94°C, 30 s at 95°C, 30 s at 55°C, 30 s at 72°C for cycles. The optimized linear range for FIT amplification was determined as 28 cycles, for FRO2 27 cycles, and for tubulin b-3 28 cycles. Each cDNA sample was run at least twice. Amplification of PCR products were monitored by agarose gel electrophoresis via intercalation of ethidium bromide.
Statistics
Data were analyzed by one-way ANOVA procedure and the means were compared by Duncan's multiple range test. Different letters on the histograms indicate that the means were statistically different at P , 0.05 level.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers NM_100040.2 and NM_179783.1.
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